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This report presents the structural analysis of Phase I of the 
"Titanium S I C  Skin Section Program" far the Saturn Project. 
covers the period 1 July 1965 to 10 December 1965. 

The report 

North American Aviation, Inc., Los Angeles Division (IpAA/LAD) is 
conducting the program under Contract Number HAS8-20530, awarded by the 
&or@ C. Marshall Space Flight Center, National Aeronautics and Space 
Administration (NASA/MSFC), Huntsville, Alabama. 

Publication of this report does not constitute NMA/MSH: endorsement 
Df NAA/LAD findings or  conclusions. 
information compiled to date and for the exchange and stimulation of 
ideas. 

It is published to disseminate the 
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Rmse I, the development phase, was concluded w i t h  the successful 
fabrication of four 9 x %inch developpental panels and the testing of 
elemental specimens for bond stmngth. 

A typical panrl selection involved the m l l  diffusion bonding of 
discrete titrnium stripe (8Al-LMO-lV) t o  produce integral-type Tee-section 
stiffeners on flat sheet panel specimens. 

Ihc technical feasibility and etructurs l  integri ty  o f t h e  ml l  
diffusion bonding process as it relates t o  the fabrication of highly- 
e f f ic ien t  integrally s t i f f ened  skin -1 sections as production items 
was demoastrsted. 

The technical succes~es  achieved t o  date Just i f ied the sizing and 
selection of the configuration fo r  the full-scale production panels 
(9.75 by 28 fee t )  l isted as the mor objective of the prognrm (Phase8 
11, 111, and IV). 
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Section I 

INTRODUCTION 

A technical plan was organized for the ear ly  definit ion and selection 
of conflgumtions f a r  the i n i t i a l  developnent packs. 

Potential concepts were screened, and a computer program was 
synthesized that determined relative efficiency i n  strength and weight. 
-le1 studies  were conducted on cost and technical f eas ib i l i t y  of the 
r o l l  diffusion bonding process as related t o  the conceptual designs under 
study. 

ment phase packs that w e r e  s ized ard selected f o r  rolling. 
of a Tee-sectiaa s t i f fener  f o r  both the  internal and external s t i f fener  
panel designs. 
The ather two are being fabricated and w i l l  be collrpleted som. 
used as the 38.5-inch column test specimen. 

t ions.  
c r i t i c a l  s t eb i l i t y  that influenced the shaping and sizing of the 
stiffening elements. The other condition, rebound, sized the she l l  wall 
f o r  in t e rna l  pressure (p = 65.5 psi)  and biaxial  failure stress f o r  
cmbined loadings. 

Results of the  parallel studies were integrated into the  six develop- 
These consisted 

Four of the packs have been rolled and canpletely processed. 
Qe w i l l  be 

Two conditions were c r i t i c a l  i n  sizing the cross-sectional configura- 
One condition, ground wind (€& = 10,540 lb/in), produced the 

One compromise, resulting i n  a six percent weight penalty, consisted 
of adjust ing the optimum selection dimensions of the developnent panel 
crass-sections so that standard, off-the-shelf, steel bars could be used 
as fillers between the etiffeners.  
final selectim of the full-scale production panel. 

This compromise was not used i n  the 

A preliminary process specification was prepared, detail ing the step 
by step pmcessing procedures recanmended for  successful diffusion banding 
of titanium alloys. It is included as Appendix A of th i s  report. 

An analytical study was conducted, t o  establish the s t ruc tu r s l  
advantages of external versus i n t e r n a l  st iffening of cylindrical shells. 
A defini te  strength advantiage -6 indicated f o r  the external s t i f feners .  
Eouwer, after analysis of such parameters as attachment of external 
s t i f feners  t o  internal f ’ r a ~ ~ e ~  every 38.5 inches, feasible alignment with 
the best 
design was rejected. IVASA/MSZC concurred with t h i s  finding. The 
Elected version consists of the internal Tee-section stiffeners, since 
it vas considered the optimum compromise fo r  all the parameters concellsed. 

designs of tk Y-rings at the ends, etc., the external s t i f fener  

1 



WORTH A M E R I C A N  AVIATION. IWC. / LOS AIGELES OlVlSlOW HA- 65- 1004 

Section I1 

DESIGN AND ANALYSIS 

 he IYAA/LAD des io  loads used i n  this program are essentially the same 

The two W/LAD rebound load conditions a t  Station 362 should 

as those used by the k i n g  Cmpany f o r  the o r i g i n a l  design (see Table I). 
These loads represent the critical design 
load tables.  
be canbined when calculating c r i t i c a l  biaxial  stresses. 
lists only the maximum loads for  each condition. 

taken froin the 

The NASA table 

The c r i t e r i a  used i n  designing the titanium psnel were the same as 
those used on the or iginal  aluminum tank. These c r i t e r i a  are: 

1. h c t o r s  of safety 

a. Ul t imate  s a f e t y  *ctor = 1.4 

b. Yield safety f’actor = 1.1 

2. Hydrostatic test pressures 

a. 39.30 psig at Station 698 

b. 51.41 psig at  Station 362 

c. Pressure varies l inear ly  between pressures a. and b. 

3. &Si@ PmSSUreS 

a. Ultimate design pressure - 1.4 times maximlnn total p r e s ~ u r e  

b. Yield design preusure = 1.05 times hydrostatic t e a t  pxw~sure. 

Design Conditione 

Design conditions included fabrication simplicity, minimrm! weight, 
minimum cost (weight, o r  the weight-cost ra t io ,  i s  the most important con- 
dit ion),  and prevention of f u e l  slosh. 
cylinder FreMes as slosh baffles. 
“LAD desiepl, because it prwed t o  be adequate, as w e l l  M beiag tbe 
best configuration from a structures-weight point of view. 
bainer are incims deep, with a spaciug of 38.5 incherr. 

The original  desi- used the 
This approach vas a lso  used i n  the 

The ireupe-sloeh 

2 
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TI-BCU-lMo-lV, single or duplex annealed, is a recent deve lopmt  in 
the  faa~ily of titanium alloys, end the infornmtion available is of necessity 
limited. 
mly be coaeidered typical. 
end minimum guaranteed valuee muut be known. 
des- can be effected in this manaer. The same si tuat ion prevailed with 
respect t o  w e l d  allouables. 

Iktaauive scam- of the litereture produced data that caxld 
For CUI. effective analyei., typical  propertits 

A more balanced analysis ami 

auA/LAD decided t o  list the HAA-gsOerated and proce8red d8ta (Tables 
11 and 111) 88 the  minimum guarsntted values and data caupiled ia MscL/ 
Zangley s8T studies as typical values (Table IV). This cl.aesiiication was 
wtified by a campasiem of similar type values. The minimum M u e s  (HM) 
were used in the etrass analysis of the  skin sectica, and the h i a e r  (HASA) 
vulues in the failure analysis of the biaxial etrosse6 from pressure and 
axial loads. 

(hly me set of values was used for the  weld allouables. They are 
Shm in figure 1. 

The 2219T87 aluminum alloy properties (Table V) are the minimum values 
listed in MILHDBK-5, 1962 Editiar. 
reductla0 in streogth I s  sccamnodated by increasing the  land thlcfoltrr41 by 

In areas vhere velds were used, t he  

tht mm4IOXY mcllmt. 

The four concepts shown in figure 2 are canpoead of two intarnal and 
two erteznal s t i f fener  coafigurrtions. 
t he  tee-flanged skin pFovad to be the mo8t eff ic ient  for bath lxrtexmal and 
external stiffenera (Caaccpts A atad C, reepectivdy). With these two c m -  
cepta as a bsaepoirrt, a detailed aptimizatim study WM ccmducted. 

Rum a theoretical weight standpoint, 

The cLareical apprasch t o  simultaneou buckling mode den- ww usad for 
a preliplinazy aizing of the cross section for a uniform axial load of 10,540 
pamde (u l t )  per inch of circumfereatial vldth. hae l  ins tab i l i ty  b e t w e e n  
irarse (rpscad at Intervals of 38.5 inch-) ww predicted, using t h e  mer 
colrnar theory. 
caabinaticm were obtrined in Reference 1. 

C o u p l e d  local buckliag coefficients of the Tee arrd rkfn 
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TAB= 11 

NA-65- 1004 

135,000 p s i  P- 
I 

- %,,@ 232,000 pai 

h a  187,000 psi  
gt 17.5 x lo6 ps i  

EC 18.1 x lo6 psi  

- G 6.60 x 106 psi 

- - 
L 33 
a -coeff. of 
Them1 EXP. 4.68 (1s.~) ci) 

5 
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3 

TABIE I11 

FtY - 
13,m psi 

ARC Ye s 6.9 x 10-6 psi 

RESIST. Yes 
FmIOIV Yes L -  .3  in./in. 

a-coeff. of 

6 
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MATERZAL - Ti-&l-lXo-lV 

Mill Annealed 14!jooF, 8 Bourn 

Data ROB HASh h i s  Research Center 

Unnotched (&moth) Specimens No &poaun Prior t o  T e s t  (Ref.3) 

7 
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c 

p (dauity) .lXQ lb/ia. 3 

C .23 BTu/lb (OF) 
The& 
Ccaductivity 74 Bnr/hr/f%*/#,l'P 

- 
a4Issm @I 

m: - 
ARC Yes 
A16Iav Yes -. Yes 

Yes 

aA-65-U>04 

G 4.0 x pi 

a-Coeff. of 

- u -32 

F. 85 
m 

P.L. - 
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BOTIP: Values are applicable to ultimate aad y i e l d  strength. TIG fusion 
welding vith f l l ler  wires noted. 
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a. Internal. Stiffeners 

b.  External Stiffeners 

Figure 2 .  Concept Optimization 

this iteration process. Ho interactiaa between longitudinal casnpressicp and 
internal pressure w a s  caasidered, since the maxlmms of these two load- 
effects do not occur simultaneously. The weight penalty associated with the 
skin gage constraint was a 6.4 percent increase over the cma-secticn with- 
out an fntexnal pressure requireapent. Thls pressure requlrem?xlt wauld c u e  
appraxirastely a 30 percent weight increase in the Y-Tee skin ccmcept aham 
in figure 4 (titanium w e i g h t  trade-off study). 

10 
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The cross-secticu shown in Ccuflguratiao M of figure 3 repreSelZt6 the  
C a s t  -Fabricatic+n/Weight trade-off selectloo. These dinenslam, which re- 
flect a 7.2 percent increase over the welght optimum cross section of con- 
figurstion VIII of f igu re  3, were establiehed thrmgh a detailed canpranise 
e f f o r t  between the Structures and Manufscturing Croups. 
represent a configuration attalnable with staadazxl stock size steel rolling 
bars. 
cost of m a c h i a l n g  the rol l ing bars necessary t o  cmfonn t o  the  sizings of 
Ccmflguraticn VIII of figure 3. Manufacturing assures t he  Structuree Group 
t ha t  t he  7.2 percent weight increase wa8 W B l t T B l l t e d J  since the dollass saved 
by use of staadardized bars were extr tnr ly high. 
be necessary for  the  two experimental p a c b  of Phase I. 
ing bars w i l l  be available for follow-up phases w i t h  large members  of packs. 

The final dlmensiars 

"Standardized" rol l ing bars were wed because of the  anticipated high 

Thie procedure w i l l  aaly 
N o n s t a n d a r d  roll- 

For the frame spacing and cylinder under ccnsideratian, the technique 
proposed by DeIuzio et al, Reference 2, showed t ha t  the  effects of curva- 
t u r e  and eccentricity were negligible for  internal stiffening (but not for  
external stiffening) and, therefore, the  M e r  theory could be re l ied u p  
t o  adequately predict panel s tab i l i ty  between frames for the case of internal 
stiffening anly. 
uratiaa IX of figure 3 i f  3.76 lbs/sq ft. 
w e l g h t  savings over the pres- S I C  aluminum design (4.19 lb/sq e). 
should be noted that  the  aluminum skin gage w a s  appsrcntly sized for  an In- 
ternal pressure requirement of approximately 58.5 psi (u l t ) ,  whereas the 
titanium desm was elzed for  65.5 psi (ul t ) .  ZI additioa, a s t ab i l i t y  anal- 
y s i s  of t he  aluminum des- shuwed an axial load-carrying capability of 
approxinrately 13,300 lb/ia., canpared w i t h  the 10,540 lb/in. requirement used 
fo r  the titanium des-. 

The wei- of the titanium cross-sectioa sham fn Coafig- 
This represents a l0 percent 

It 

Fkternal Stiffeners - Tee-Flanged 

For the purposes of establishing a basepoint design, c lass ical  theory 
was applied, treating panel s t ab i l i t y  b e t w ~  framee 88 a Euler colum 
problem. 
waa applied, as shown in  figure 5. 
selected coet/ireight effective cross-section. 
7.2 prceat w e i g h t  saving over the  current aluminum design. 
v~~t l  then analyzed in greater d e t a l l  as an orthotropic shell, w i t h  the  effects 
of curvature and eccsatricity accarnted for. 
50 percent existed in the general failure mode. A machine program was 
written In an ef for t  t o  "trim" t h i s  margin by a successive trials procedure. 
Twenty-siX permUtatiops of cross-sectloo dimensions eventually resulted in 
a new balanced desiepl (figure 6) , 1.e. , simultaneous occurrence of the 
orthotropic general mode and local instabi l i ty  under the applied etresa. 
The wI@t s a w  w a s  6 percent over the previous design (Ccnfiguratioa IX 
of figure 5). 
bgs over the  existing ahminun design. 

The synthesis process described for the internal Tee s t i f feners  

The selection represents a 
This section 

Caafiguratioa M of figure 5 shows the  

It was farnd tha t  a margin of 

This ccmcepb, figure 6, represents a 12.6 percent weight sav- 
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External Stiffener Desi- 

(Includes curvature  ad eccentricity effects) 

t 

, !  

+- 1.60 In. 0.062 in. 

' 7 0 . 2 0 0  - 2.95 

General Mode Equatians: (Reference 2) 

-9 = b(1 + F)(B2 - F) 

15 
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Figure 7 was canpiled t o  shaw the relative variation in  weight (1b/fto2) 
and effective thickness E) between the various catlfigurafiam studied. 
figure includes bath the internal and external s t i f fener  cambinatiaos. weim equivalent for  t he  current S-IC alumlnum design was also shown for  
purposes of canpasism. 
desigpated as Ho. IX w e r e  selected for  the two experimented packs. Sane 
preliminary cost ca l cu la t i au  comparing the cost differences between t he  
optimum w e i g h t  caifiguratian (VIII) srtd the optimum cost/weight ca~f igurs -  
ti- (IX) BFC sham in T a b l e  V I .  Both internal and external stiffener 
designs are included. It will be noted that the external C o n f i g u r a t i o n  IX 
is sham t o  be more expensive than any of the  &hers by a caasiderable 
smount . 
out as the least expensive. 

The 
The 

As stated previously, t h e  two canfiguratiars 

The selected designs f o r  the  two experimental packs w e r e  priced 
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Material 

Labor and Burden 

T u t a l  per 2 Panels 

HA-6 5- io04 

stnndrud (1) - Machined 

log. 84 109.34 II Ii 121.55 I 146.69 

40.00 125.00 // 90.00 1 540.00 
I 

1 
149.84 234.34 1 211.55 686.69 

T a b l e  VI 

COST CAUULATIOHS 

($1 I 

Costs 

1 

N o t e s  : 

@ Optlnsm, cost/veight configuration panels are t o  determine if 
s t m  cold rolled bar stock sizee and surfaces w i l l  give 
~satisfactary surf’ace finishes for rolled diff’usiaa bcoded struc- 
tures. 
could be purchased for production nm quantities . If finishes prove satisiactory, special m i l l  ruu sizes 

2. IQBtimstes do nut allow for reJection or rework. 

3. Estimates are of manufacturing costs only and do not include 
engineering coat, administrative overhead, profit ,  etc, 
utilized in establishing final price. 
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Preliminary Design Stress Analysis 

I 

NA-65-1004 

The minimum weight analysis described i n  the preceding section depends 
on s t a b i l i t y  and pressure requirements. "be skin is  sized by hmp tension, 
and the stiffeners by stabi l i ty .  
s t a b i l i t y  is stated below. 
solution f o r  the attachment loads between the inside s t r inger  and the Slosh 
baffle frame. 

The equation f o r  local  and general in- 
!he following analysis also includes a redundant 

Since the optimization process includes stress aualysis, this section 
describes tbeory pertinent t o  the analysis, as well et? calculations af 
margins of safety. 

bcal Ins tab i l i ty  

K = coupled local buckling coefficient 

A p las t i c i ty  correction was not required because the allowables fell i n  
the elastic range. 

&ne& Ins tab i l i ty  

The following general mode equations are taken from Reference 2. 
equation is essent ia l ly  the E u l e r  column equation modified t o  a c c x n t  for  
she l l  curvature atid eccentricity. 

This 

where: 
2 - P) 2 

J # (s 
= =  *+ (1 + p2)2 

The parmeters involved am: 

And where p must satisfy 

) O  
(0 

Stiffener  internal 
St i f fener  external 
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Instability Check 

20 

FA = the smallest stress of either the local or general allowable 
stresses 

* 65.8 k s i  

f = applied load streas 

= 64.0 k s i  

Stresses are obtaiaed from figure 3. 

S t  Iff ener Crippling 

Since the skins w e r e  init ial ly  sized t o  resist pressure, the adly 

Pcc(Ti-8A1-lMo-1V duplex annealed at R.T.; t = .lo in. and b =ko6 In.) 

P~(TI-8Al- lMo-lV duplex annealed at R.T.; t = - 6 2  in. and b = .go in.) 

A = .u)(.8~?) + .62(1.8/2) = -137 in,* 

~emsinlng item t o  check is stiffener cripplirrQ. 

= 11,650 pounds 

= 8,260 pauade 

2(ns650) + 8*260 = 230,000 p s i  137 FCC = 

or 135,000 peri FCY 

M.S. = U5/64 - 1 = HIGH 

Therefore, the panel has sufficient strength. 
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This analysis evaluates the redundant load between the aad the 
integrally stiffened titanium penel. 

tb I 

= 3.00 in. 

8(~cri&i0n) = .758 in. 

1. R a m  Equilibrium 

38.5 In. 
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I1 Skin Equilibrium Ne 

- % 2R 
@%- -1 b 

( 2 )  
CO 

4 
==P2RLo b, 

pt 2 Fx: 

I11 Preme Deformation 

(Outer cap) ACo = E, 2 T R .  

C o =  2 T R 0  C3 +A C = 2 7 / ( R  + 6 p )  
0 0 

co+ E o  

- 2 T R  + 2 r g P - 2 r R  s F = 2 2  AC = E O R O .  
0’. % 0 0 

IV Skin Deformation 

Continuity =quires that 6, = ss (et skin/f’rame attachment l ine)  

V Solution 

There are four unknovns, v i z .  Fyy ppOy P p I ,  and I,. 

(38.512 Ne + ‘ c = (  pr (396.0) = 46.8 (396.0) (38 .5)  

Starting with 
four equations (two equilibrium and t m  deformation) and eubstituting know 
parruneters, Equation (2) becmes 

Equation (1) becomes: 

Equation (3) become!e: 

22 



~ ~ 

WORTH AWERICAN AVIATION, INC. i 10s AWGELES DIVISION RA- 65- 1004 

Equation (4) becomes: 

Simplifying 

K, = spring canstant of frame 

= = 496 lb/in. 

A large number af panel configurstions were analyzed, and nine possible 

Both the interaal and external stiffener conflgura- 
designs were se lected (figures 3 and j). 
s m i z c d  in figure 7. 
t i o m  are rhown, as well a6 the current S I C  alminum design. 
se lected  configurations ere shown on figure 8)- 

They are also grsphically 

The illral 

23 
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A l i m i t e d  number of s t a t i c  tests have been scheduled for  specimens 
taken f’rom the selected design of the development pack series. 
specimens are internally stiffened versions of the panel wall. 

The test 

One 8.102-inch long specimen (figures 9 through 15) was loaded i n  
block compression t o  detelmine its porrtbuckling strength. The test unit 
axial load at failure was NX = 1b,750/8.713 = 16,154 Ib/in. (ultimate). 

Figure 10 illustrates the close tolerance produced by the rolling 
operstim. 
the short colunm test specimen, prior t o  testing. 
show four views of‘ t he  test specimen prior  t o  testing. 

Figure 11 shows the  degree of‘ dis tor t ion end irregularity b 
Figures I2 through 15 

The crit ical  design load given by the ground w i n d  c a d i t i o n  is 
N, = 10,540 lb/in. 
results show that the local  instabi l i ty  of the  design exceeds the  required 
strength (figure l6). 
upper limit of strength fo r  the selected coofiguration. 

Hence, M.S. ( u l t )  = l6,154/10,540 - 1 = f.53. The test 

This test has provided what can be cmsidered an 

A 38.5-inch specimen w i l l  be loaded i n  canpression, simulating a 
simply-supported wide column axial member. This test vi11 provide a lower 
l i m i t  of st=ngth for the selected desigu- The data compiled Prom these 
tests w i l l  provide estimates of strength anticipated from s i m i l a r  epecimsns 
wbse dimensions and boundery conditirne siniulate those slready tested. 
It is  noted that the design selection for the final production pack panel 
approximntes very closely the design selection tes ted  here. 

!Che 

1. 

2, 

3. 

4 .  

5 .  

6 .  

followiag steps were ueed i n  testing the short column specimen: 

Specimen was loaded t o  120,OOO pounds without failure. 
buckled, but =turned then load was removed. 

Free edges 

Specimen width was reduced by 1/2 inch on each side. 
Hew rpecinen size: Eod Ho. 1: 

l b l  Ho. 2: 
8.102 long x 8.713 wide 
8.102 long x 8.716 wlde 

Reterrt. Specimen started yielding at 140,7!jO pounds. b a d  vas 
reduced t o  100,OOO pounds. 
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C‘ ’@* 

W-65-1004 

Weight = 3.78 lb/f’t2 

a. Internal Integral Tee Cmfiguratiaa 

300 ------+ 
Weight = 3.89 lb/ft2 

b. Exterpsl Integral Tee Configuratian 
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I-: 
1. 
2. 

3. 
4. 

5 .  
6. 
7. 
8. 

Figure 9. Test Specimen 

2 A r e a  of panel = 8.713 (8.I.02) = 70.5 in. 
Weight of test panel = 1.9 - (8.1~%?)(1)(.158)(.1) = 1.822 Ib 
Welght of panel per ft 
Calculated weight of panel = 3.76 l b / f t  

2 = 1.822(1&)/70.5 = 3.74 lb/f t2  
2 

$ Mff. = 3-76/3074 .. 1 = 0.3s (small) 
Calculated local ins tab i l i ty  allowable = 70,000 psi 

Test value local instabi l i ty  = 98,300 pai 

Xaxinum applied axial stress = 63,950 pai 
M.S. (ult) = 98,300/63,950 - 1 = +.53 

26 
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NO. 
3 

--. 

No0 
2 

- 

HO 
1 

Iength =8.1@ 
Width = 8.713 (me end) 

= 8.716 (other end) - 00955 

- 00% 

7 

0061 .ox5 
Web 

00% - 

Bo. 3 

IC- 

lo. 1 

+ 

Figure 11. Short Column T e s t  Specimen, Dimensions 

28 
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I 

In- Tee Ccniimra*im 

Short Colunn Teat 

TI-aAl-lMo-lV Duplex Annealed 

I .  
, &  

- . .  
. .  

Figure 16. Short Colunm Teat 

33 
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7. Figures 17 through 21 show the spechen mer tes t ing  t o  140,750 - bed* 

ROTE: No cracks, b.rYb,or ruptures were indicated after the test. The 
diffusion bonded joints  of the test specimen showed no indication af 
damage, such as separation. 

Because of the redef in i t im of the S-IC tank loads, it was necessary t o  
repeat the panel sizing optimization process. 
involve a change i n  magnitude of the load; however, it d i d  involve the addi- 
t ion of biaxial  load effects.  To design f o r  this type of loading, CUI effec- 
tive stmss was calculated f r o m  the biaxial stresses, by means of the 
Hencky-Von Mses maximum distortion energy theory. The effective stress 
was then compared w i t h  the tension u l t ima te  of the material, t o  find the 
desired skin thickness. 

The load change d i d  not 

Titanium Skin Panel Sizing 

The sk ins  have nat been sized for  the mmbined ef fec ts  of pressure 
plus axial load. This condition is t reated i n  the following analysis. 

f =  pr t 
65.5 x ig8 

t 

Fm (Ti-8Al-lMo-1V duplex annealed, at R.T.) = 135 ksi  

This thickness is f o r  pl.essure only. The skin thickness for  combined 
pressure plus ax ia l  loads will now be evaluated, using the Hencky-Von 
Mises m a x i m u m  distortion energy theory. 

The 
the 

st i f fener  t o  be used i n  calculating the  longitudinal stresses will be 
same as the preliminary design selection. 
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NA-65-1004 

Figure 17. Specimen After T e s t ,  View A 

Figure 18. Specimen A f t e r  Tes t ,  V i e w  B 

35 
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Figure 19. Specimen After Test ,  View C 

16 
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- 3 tR + .062 (1.8) + .i (.812] 
ts + 3 t =  

G 2  (axial stress) = - *c = %& i 

- 
4s - t =L G2 

KSI KSI 

-09 -1543 119 5 -53.7 . loo ~ 6 4 3  107 5 -50.4 
. n o  01743 97 -7 -47 e 6  
,120 .1843 89.6 -45 .O 

KSI ICs1 

-090 a1543 144.1 -46.6 . loo .1643 129 07 -43 -0 
.110 01743 117.8 -41.2 . la0 -1843 108 .o -39 -0 

These results are plotted on figure 22. 

= 10,750 
t 8 

cik 
KSI 

153 -5 
139.0 
128.2 
118.7 

Ge 
RSI 
172 3 
156.2 
143 .O 
132 .O 
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Design Selection mcedure  

The procedure for selecting the final design is: 

1. U s e  preliminary design results as a b a s e p i n t  f o r  subsequent 
selection . 

2. Increase skin gage to accolmnodate axial + pressure loads. 

3. Parametrically vary the panel dimensions about the basepoint 
selection, us ing  the  increased ts. 

4. Select minimum weight design. I + r c  eF &“TX 
I 8 

I I I 

The Preliminary Design Selection was: 

mmi ts tw t f bS 4r bf Weight - ------ 
A .lo1 -062 .lo0 3.0 1.8 .812 3.76 lb/ft2 

The -1s Investigated were: 

I .io5 .06o .io0 3.28 1.8 -900 3.76 
I1 .io5 .06o .io0 3.28 1.8 1.0oo 3.83 
I11 -105 .of3 .loo 3.28 1.8 1.200 3.97 
Iv .io5 .06o .io0 3.38 1.8 3.72 
V -105 .06o .io0 3.38 1.8 1.000 3.78 
VI .io5 .06o .io0 3.38 1.8 1.200 3.9 

Rmel I was the f inal  selection. Although s l igh t ly  understrength, it 
had the best weight/strength rat io .  
corrected with the following changes i n  dimensions. 

This strength deficiency can be 

tf = .lo2 in. 

bf P 9 (.102) = ,922 i n .  
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A 31.2 30 00 9 -0 
I 29 -7 29 .o 8.1 

The integral  Tee-stiffened panel was redesigned t o  accommodate the 
biaxial  stresses produced by pressure and axial loads. 
vas described in the preceding section and i s  analyzed in this section. 
The analytical methods are the same as those used i n  the preceding design 
and analysis sections. 

The final selection 

Local Ins tab i l i ty  

Coupled local  buckling coeff. = 3.5 

FL = local buckling stress 

= 3.5 x 18 x 10 6 (+-&)2 10 = 64,500 

f A  = applied load Stress 63,700 

M.S. 

Column Stability 

Fe = E u l e r  column allowable stress 

= p- = .01 3 *7 

2 A = .lo5 (3.28) + .06 (1.8) + .lo2 (.922) = .546 in.  

3 

= .292 in .  

2 AY = 1/2 x .06 (1.8)2 + .lo2 (.922) (1.8) = .266 in .  

I, = .102 (.922) (l.8)2 + 1/3 (.06) (1.8)~ - 4 

x 18 x io6 x .292 ~ 

psi F e =  9 e546 x 3?5*5z 
- 1 = 0.005 MS. = 63.7 

42 
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a 
Crippl iw,  Integral Tee 

Fm (Ti-6Al-kV annealed, b/t = -$ = 4.5) = 120 k s i  

Fm (Ti-6A1-4V annealed, b/t = .06 1.8 = 30) = 83 ksi 

E = 15.8 x 10 6 psi 
= 120 ksi Ti-6Al-4V annealed 

.. 

6 E = 18.0 x 10 psi 
Fcy = 135 ksi Ti-aAl-lMo-lV 

FCc (Ti-8Al-lMo-1V duplex annealed; b/t = 4.5) 

= /= x 120 = 1.125 x 120 = 135 ksi 

Fm (Ti-8Al-lMo-lV duplex annealed; b/t = 30) 

= 1.125 (83) = 93.3 k s i  

Internal Pressure 

The following analysis is to check the selection of skin gauge 
for the final design. 

= .167 in. - 
t = .io5 + .06 (1.8) t .io2 (4221 

Dl (hoop stress) = .105 = 129.8 ksi 
3 -28 

G'2 (axial stress) ='xf -7186 

Ge = r129.82 - 129.8 (-43) + 432 ] 
-43 ksi 

= 151 k s i  

Fm (~i-8fi-1~o-i~ at R.T.; Ref. NASA TIQ 0-1798) = 155 ksi 

- 1 = 2.5 
151 

M.S. = 

43 
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b e 1  Weight 
A = .546 in.  2 

Figure 23 is a diagran of' the fw production panel. The cross- 
sectional dimensions are shown on figure 24. 
of penel is also included f o r  comparison purposes. The ti tanium panel 
shows a si-ificant weight saving over that of the aluminum panel. 
is l i t t l e  difference between the two titanium panels, because of the 
difference i n  design conditions. 
stricted t o  dimensions that would accommodate standard mild steel f i l ler  
bars. 

The weight per square foot 

There 

The development panel design was re- 

This restr ic t ion was not placed on the production panel. 

The weight of the panel i o  presented on Table V I 1  . 
PRODLETION PANEL DESIGN DRAWING 

Figure 25 is the pmduction drawing based on the final configuration 
selection. 
pack welded t o  a partial panel from a second pack welded together. The 
production drawing shows the completed panel which NAA/LAD will deliver 
t o  NASA. 

The final panel i s  comprised of a complete panel from one 

44 
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a 

1.80 in. 

Material: T1-8A1-1Mo-lV Duplex healed 

Wt(Pr0d. -1) = 3.79 lb/ft2 

Wt(DCv. -1) = 3.78 lb/ft2 

W t ( A l ~ m I n ~ m  Panel = 4.21 lb/ft2 

Flgure 24. Irrtegral Tee-Coafiguraticm - Stlff-ers b i d e  Cylinder 

a 
46 
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(a) Area = 9.75 (28) = 273 f't2 

(b) w/f't2 = 3.79 

Total Panel Weight = 273 (3.39) = 1035 lb 

T o t a l  Shell Weigbt = C/9.75 (1035) = nd/9.75 (lO35) = 

T o t a l  Shell Weigbt = 103.5/9.75 (3.035) = 11,OOO lb 

Y-Rfng Weight (Tentat ive  Se lec t i ca )  

Ueighty  = 1485 lb 

Total Weight: Tank W a l l  = 11,OOO l b  

Y-Ring = 1,485 l b  

C = 12,485 l b  

47 
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D&SIGN CWARISOX?, TITARIUM VS ALlElIBlzM 

The objective of this program i s  ta show the weight advantages of 
t i t a n i u m  vs aluminum S-IC tank structure. T:, da this ,  the results of 
the HAA/LAD titanium design program =re compared with an equivaient 
aluminum structure component. D u r i n g  t h i s  p r m ,  it became evident that 
the original tank vas designed t o  different laads than w e r e  used in tbe 
WA/IAD titanium program, as shown i n  the following analysis. 
comparison of the original aluminum design and the 19AA desip would not be 
valid. 
NAA/LAD design loads. 
synthesis pracess described ea r l i e r  i n  this report. The pmel resulting 
f m m  this process was then campared wi th  the titanium panel selected f o r  
the production run. 

Therefore, 

To overcome this difficulty, sll slLrminum design was generated, using 
The new aluminum panel was optimized by the same 

I -  4 . 1 0 1  - 
L = frame spacing - 38.5 in.  

R = 1 9  in .  

t = .193 + 

Urn = 1 4 4 p T ,  = 144 x .lo2 x .287 = 4.21 lb/ft 

= 287 in .  
- 1.807 (.15) + 2 ( ~ 5 1  

6 .1 
2 

A I 

Internal  Pressure 

pmax = 65.5 

AI.. Al. at R.T.) P 62 ks i  

49 
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Local Instabi l i ty  

F = 3.44 E(t,/bs)2 = 3.44 X 10.5 X 10 (.193/6.10)2 = 36,300 psi 

"his gives the lowest allowable. 

(b/t)s = 37.59 (b/t), = (b/t) = 6.7 

General Stabi l i ty  

= Y = , T (  1.807)2 + .150(2.0)(1.807) = -786 bo3 

07862 4 Io - 1.273 - '-9 = 0 9 1  in. 

2@4-T4 Al Al {Fey = 40 lcsi 

2219T87 Al A l  {F,, = 50 ksl  
-I 

Fcc(2219-T87 A 1  A 1  b/t = 6.5) =,/x X = 1.117(b) = 44.7 ksi 

Fc,(2219-T87 A 1  A 1  b/t = 33) = l.U'i'(27.5) = 30.7 ksl  
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i 

f = 36,800 psi 

The panel is undcrstreogth, per lorib op Table I, particularly vi th  
rwpect to pressure. 

- DESIGN m M/IAI) IAADB 
It has been shown that the original panel was desimed t o  different 

loads. 
be a valid compariscn. To correct t h i s ,  an aluminum parre1 was designed 
using t he  same approach used for the  titanium desiepl. 
is given cm the following pages. 

Comparing HAA/IAD*s and t he  original desiep w o u l d  not, therefore, 

W aluminum des- 

skin sizing 

Ftu(221+T87 A 1  A 1  at R.T.) = 62 ksi 

This thiclaess is f o r  pressure only. 
the  caabined pressure plus axial load conditioos. 
d l t i w ,  the thickness is evaluated fram the  Von Mises-Hendcy nrsximprm 
d i s t  ortiao energy theory . 

This thickness w i l l  iacresse for  
For the  combined c m -  

The skin will be sized for two biaxial  load conditiarre. 
occur for a rebound-type loading shown in Table I for Missile Statim 362. 

Bath ccnditiars 

Cmd. I Xc = -&go lb/ in. ,  p = 54.3 psi (u l t )  

Coad. I1 HC = -n87 lb/in., p = 65.5 p ~ i  (u l t )  

%" IS calculated using the 

.15(1.657 + 2.0 
= ts + c--6..F--I 

stiffntas fram the  original desigD. 

t, 4- .ow 
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. 

Ftu(2219-T87 A1 A1 at R.T., Probability Value) = 

t, = -224 in. 

The seccnd ccnditiaa is: 

65.4 hi 

= 65,400 

The final skin thickness is t, = .248 inches. 

Sumparizing the results, 

t,(Pressure ab, p = 65.5 psi)  = .a9 in. 

t, (P 54.3 mi; Ne = -829 lb/in.) = -224 in. 

t,(p = 65.5 psi; N, = -7186 lb/in.) = .248 in. 

Parametric Wei&t/Strength StuQ 

The detailed dimeasione of an integral tee-stiffened paael can be 
reduced t o  four parameters 

The skin thickness (ts) can be sized i n i t i a l l y  t o  satisfy pressure plus 
ax ia l  loads. 
considering parameters. 

The remainder of the element dimensions can be obtained by 

Table VI11 lists the assumed parameters and the resulting allowable 
stresses and panel weights. 
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- -  

The parameters listed in the  preceding table were selected 80 t ha t  the  
w e i g h t  r e su l t s  cmld be cross-plotted t o  arrive at a geometry which would 
give the  lowest weight. 
No. 9 proved t o  have the desired reml te .  
lawing Figure. 

Plotting was not necessary, huuever, since Ape1 
Panel No. 9 is sham in the  fol- 

J 

.og1 in. 2.50 r in. ' 
I 

The following analysis will verify or m o d i f y  the aluminum design fram 
the preceding section t o  meet t he  strength requirements of Panel 9. 

b t e r n a l  Pressure 

I 

, !  

a ?=el 9, t g  = .248 +A. Yes izla&q??ste, beceuse e? the reeI2ctim 4 a  

st i f fener  cross-sectimal area with respect t o  the  or iginal  design. Assume 
ts -255 inch. 

Ftu(2219-T87 A 1  allay at R.T.; go$ Probability Value) = 65.5 ksi  

54 
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Stabi l i ty  Check 

The following results are from the  NAA "Shell Stabi l i ty"  computer program. 

SA(App1ied Load Stress) = 32.3 hi 

%(Local Stabi l i ty  Allowables) = 33.2 ksi 

k(Uide Colum Stabi l i ty  Allarable,Curvature Effects Included) = 35.1 k s i  . 

The follarlng canparison is between 811 aluminum and t i t an ium integral 
tee-stiffened panel. 
and for  IQAA/IAD loads. 
have been valid because of the difference in d e s i s  l&. 

The two panels have been sized by the same design method 
11 canparison based on the  original des- would nut 

Panel Weights 

Aluminum Desi- 
- 
t = ,314 in. 

2 W, = 1ef = 144 X 0102 X .314 = 4-61 lb/f't 

Ti tanium Design 

x = .l66 in. 
2 UT = 144 X .158 X .l66 = 3.8 lb/f't 

Percent Difference = 4*6 - 1 = 21.04 
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Section I11 

p R o c F s s ~ p M M T  

Three test specimens (Bars A, B, and C i n  f iguR 27) were t ens i le  
t e s t ed  i n  accordance with Federal Test Method Standard 151. 
and B showd good strength, but low elongation. The specimen material 
(hot-rolled plate from U. S. Steel)  was known t o  contain an oxygen enriched 
surface which was not completely removed dur ing  fabrication of the de ta i l s ,  
because of dimensional tolerances. 
t h e  oxygen enriched surface was removed; t o  establish a correlation, the 
surfaces of Bar C were also machined (approximately 0.011 inch per surface) 
The resultant e lone t ion  was satisfactory (13 percent). 
i n  Table M. 

Specimens A 

Therefore, i n  the or iginal  testing, 

The data are shown 

BOND ADHGSION 

Eleven bond adhesion specimens (figure 27) were machined t o  the 
figuration shown i n  figure.%. ,112, AF 

t = .icst.005 

U 

con- 

Figure 26 . Bond Adhesion Test Specimens 

All of the specimens had cracks on the surfaces and radii (figure 26). 
The specimens were hand filed and pickled i n  an attempt t o  remove the 
cracks. 

When tested,  the specimens a l l  f a i l e d  through the upper cap s t r i p  o r  
face sheet, as shown i n  figure28. 
in i t ia ted  i n  surface cracks. 
applied t o  the bonded intersections, w i t h  no failures occurring i n  the 
intersections : 

All failures were found t o  have 
Testing resulted i n  the following 8$rwU be- 

Resultant S f m 4 k s i :  51.3, 59.4, 59.5, 66.9, 72.9, 104.2, 105.0, 
113.8, 118.1, 122.1, and 134.1. 
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Raw Material 
Prior t o  Rol l ing  

--- 

a c e  Sheet 
of 
Finish Part 

Required @ 

NA-65-1.004 

BAR YIELD (m 
133.6 

.-- 
A 140.5 

B 138.1 

C 1 4 2 . 2 0  

125 .o 

These data indicate that the t i t an ium details w e r e  metallurgically 
banded and, when crack-free parts are available, the testing method should 
adequately t e s t  the strength of the bonds. 

TABLE Ix 

TENSILE CORREZXFION, PANEL FACE SHEET 
( 1 - S T I m )  

EXDNGA!L'ION 
($ IN 2 I-) 

149.1 

I 154.1 

151.4 1 

155 -4 

8.5 

9.0 

13 .O 

135.0 I 10 .o I 
mm3: 

Approximately 0.011 inch machined frm each surface. 3 Per Table 11. 

MICROSTRUCTURE 

Specimens for metallographic examination were taken at 16 locations i n  
the part, most of which are identified in  figure 27, e.g., 24, 3-A, 5-A, 
F A ,  e tc .  
bond adherence specimens, and the rest fm areas wntaining cracks. 

gleven of the samples were taken f m m  intersections adjacent t:, 

The s t ruc ture  of the bonds at the 11 cross-sections showed complete 
bonding, w i t h  no voids o r  unusual alloy segregation. 
some typical structures.  
29 

Figures 29 and 30 shov 
&amplea of the surface cracks are shown i n  figure 

DISCUSSION 

The major metallurgical problem concerning packs w i t h  internal stiffeners 
is that of cracking. 
t h e m 1  shock treatment and, therefore, can be prevented. 
the smaller surface cracks is not completely known, but it can be assumed t o  
be the result of a cambination of factors. 
contain the greatest amount of embrittling contamination due t o  the i r  direct 
contact w i t h  the iron f i l ler  bars and the pressures exerted by roll ing.  The 
pack was water quenched from 1420OF a t  the ro l l ing  m i l l  and subjected t o  

The more severe cracking can be a t t r i b u t e d  t:, the 
!he cause of 

The surfaces i n  question would 
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figrule 28. h i l e d  Specimen 
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a. 5GX 

Rgure 29. Hicrostructure of PIce Sheet t o  Web Jo in t  rt LDcstion 11-A of 
Panel 
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e. 5OX 

figure 30. Miomstructure of Cnp Strip to Web Joint  at foution 5-A of 
Panel 
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severe therms1 shock tmatments at NAA. 
t o  build up res idua l  stresses i n  the material suff ic ient  t o  cause! micro 
crscks i n  the br i t t le  surf&ce layer. In addition, subsequent pickling 
of the part caused the cracks t o  grow and may have in i t ia ted  new c w k s  
by a stress corrosion process. 

All of these processes would tend 

Another metallurgical problem is that of i n t e r s t i t i a l  pick-up during 
fabrication. 
must be better controlled, or tighter res t r ic t ions  must be placed on the 
chemical content of the original material. 

In order t o  assure a nonembrittled part, the amount of pick-up 

Results of mechanical testing Evealed t h a t  there v8s some contamina- 
t i an  on the surface of the skin. The results of the bend tes ts  shovled the 
contamination was insufficient t o  cause cracking; hawever, tensi le  terts 
showed contamination was enough t o  produce a reduction in duct i l i ty .  This 
agrees w i t h  the known fact that titanium can absorb a l imi ted  amount of 
i n t e r s t i t i a l s  u'hich will tend t o  reduce duct i l i ty ,  b u t  not necessarily 
render the material canpletely b r i t t l e .  

pRocBss SPECIFICATION 

A preliminary process specification ha6 been prepared f a r  mll  diffusion 
bonding of titanium alloys and is included 8s Appendix A. 

2he technical e f f a r t  f o r  the production packs has been completed, v i t h  
the release of the production penel design drswing, Bo. 2624-202. 
analysis phase has also been campleted. 
incorporabd i n  the final selected configuxmtian fo r  the production panel. 
They were based on additional optimization analyses performed after the 
s i z ing  operation had been cmcluded f o r  the developtent packs. A snall 
weight saving and a simpler design rerulted iFoDn these chsages. 

The 
Same minor dimensional changes were 

Technical benefits  expected t o  result fmm the large-scale meuufacturlng 
operation of the production panel include: 

1. 

2. 

3-  

4 .  

Demonstration of the  fea8ib i l i ty  of fabricating large-scale rpeci- 
mens akin t o  those used i n  production of usable hardware. 

A wcirthvhile demonstration of uelding together large part8 w i l l  be 
possible. 

From a s t ructural  standpoint, this operation w i l l  provide a full- 
scale basepoint panel f o r  use i n  ca1qarison8, trade-offs, and 
f u t u r e  selection studies. 

Demonstration of accuracy of tolerances, f la tness  of large parts, 
and dimensioaal s t ab i l i t y  that can be realized w i t h  this method. 
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5.  Majar problems if present, will reveal themselves more readily in 
large-scale operstions than In subcale models. 

6 .  The ability t o  test a full-scale specimen under highly realistic 
testing conditions. 
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Section IV 

c o N c L ~ 1 0 H s  

The r e s u l t s  achieved i n  the S-IC skin section program indicate that: 

1. 

2. 

3. 

4. 

The r o l l  diffusion bonding process is  highly satisfactory, i n  Its 
application t o  titanium alloys and configuration shapes of the 
type covered i n  t h i s  e f for t .  

h r e n t  3r near-parent material strength is achievable at all 
diffusion bonded joints,  without impairment t o  other properties 
of the material a t  or near the bond areas. This conclusion is 
based on the f ac t  t h a t  no changes have been observed of the types 
comon to, e.g., welded joints,  such as grain gmwth, embrittle- 
ment, and residual. stresses. 

This process provides f l ex ib i l i t y  i n  the sizing, shaping, and 
detail configuration that can be selected and made t o  f i t  a 
wide range of applications. This, i n  turn, provides a highly 
desirable potential, because other competitive processes am 
usually res t r ic ted  by many limitations. 

A preliminary cost camparison indicated a potential cost saving 
attributable t o  the  roll-bmded panel versus a canparable design 
machined from plate  stock. Harmer, since the  study w a s  cursory 
in nature, further study is necessary t o  verify and expand these 
canclusion8. 
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Section v 

ch the basis of the five rnaaths of research and developneat e f for t  of 
Phase I of th i s  program, the following recwnnendations are made fo r  the  
continued research ef for t  of the S-IC skin section program: 

1. Util ize internal tee-stringers, in  preference t o  external 
tee-stringers . 

2. Utilize the roll diffusion bonding process with 60 percent 
roll ing reducticm, i n  preference t o  fabrication by machin- 
ing or extruding the skin/stringer panel. 

3. V e r i f y  the r o l l  diff’usioa bond- process for  a Full size 
panel, by fabrication of two panels approximately 7 by 30 
feet. 
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1. 

1.1 

1.e 

2. 

2.1 

2.2 

SCOPE 

This specification establishes the materials and procedures for  ro l l  
dif fusion bonding of Titanium-6Al-4V and Tltanlum-8Al-lMo-1V alloy 
rtructures. These structures are fabricated by laying ug a pack of 
titanium elements w i t h  iron tooling and hot rolling this pack throueh 
a rolling m i l l  to obtain the desired t i t a n i u m  Joints and configurations. 
Configunrtionr which maybe rolled include tnmbt20n~ tee stiffenad, d 
rib rtiffened 8tnrctures. 

When tbe  requirements of this specification d i f f e r  from tbose of the 
governjng drawing( 6 )  , the requirements of the drawing( e) shall .take 
precedence. 

APPLICABLE DOCUMENTS 

The l a t e s t  issue of the following documents form a part  of this 
specification t o  the extent specified. 
applicable document differ  iron those of t h i s  specification, the 
rewirements of this specification shall take precedence. 

When the requirementr of an 

Mattrial Speciflcations 

LBo1-p-1n 
I801~-1lo 
IB0170-ll3 
IB0170- 18 5 
LBOl70-147 
1~30170-112 

ASTM A-269 

~ 6 - 6 1 ~  
QQ-5-633 FSlOl8 Bar and Forging (MIL-S-7952) 
QQ-S-741 Sheet, Plate 1020-1025 
MIL-A-18455 Argon, Technical 

Titanium Alloy Sheet, Strip, and Plate (8Al-Ub- lV)  
Titanium Alloy (6A1-4V) Bay, B i l l e t  and Forging8 
Titanium Alloy Sheet, Strip, and Plate (6Al-4V) 
Ti tanium Alloy (8Al-Ub-lV) Bar, Billet ,  and Forgings 
Titanium Alloy (6A1-4V) Rods, B a r s  and ShapCs,Exlxuded 
Titanium and Titanium Alloy Rods, B a r n  and Shapes: 
Tolerances 
Steel Tubing, Corrosion and Heat Resistant, Welded and 
Dram. 
Steel for Bridge# and Buildings (ASTM) 

Process Specification 

LAOlll-026 
LAOlW-004 
LAolll-028 

1.~0102-003 

LAollo-008 
~~0104-003 
M ou5-002 
LADl03-003 

Heat Treatment of Titanium Alloys 
Fusion Welding 
Thennal Processing of 8Al-lMo-lV Titanium Alloy 
Components for  Saturn Cross Beam. 
Elevated Temperature Forming and Sizing of l%tan%um 
and Titanium Alloy Parts  
Cleaning Titanium and Titanium Alloy8 

Durt, Humidity, and Temperature Controlled Envirorrmcnta. 
Chem-Mil l  Fmcesring of Tltanluun Alloy6 

of  art^ and ~s~tenibi ie~ 



NORTH AMERICAN AVIATION, INC. 

CODE IDENT. NO. 

1 REVISION LETTER 

1 I 1 I I I I PAGE ~ 

NUYbER 
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2.3 

2.4 

3. 

3.1 
3.1.1 

3.1.2 

3.1.3 

3.2 

3.2.1 

3.2.2 

4. 

4.1 

4.101 

Quality Control Documents 

I@4O2-003 
u 

Process Control of Fusion Welding 
Quality Control Requirements for Roll Diffusion Bonded 
Titanium Structure 

Test Methods 

~ 0 ~ 5 . ~ 6  Leak Detection - Aemspace Plabing System Details 

Titanium Details 

The 6A1-4V titanium alloy details to be used in the diffision bonding 
process shallbe in Condition A or in Condition SW, m e  f r o m  surface 
contamination, and conform to the applicable Titanium Al loy Material 
Specification requirements. 

The 8Al-lh-lV titanium alloy details to be used in the diffision 
bonding process shall be i n  Condition Mill Annealed or Codition 
Duplex Annealed, free f r o m  surface contamination, and conf'ona to 
the applicable Titanium Alloy Material Specification requirements, 

The 6fi-4V or 8 A l - l W - l V  titanium alloy details to be used in the 
diffusion bonding process may contain fusion weldments made according 
to the requirements of this specification. 

Carbon Steel Details 

Carbon steel details for the mlldiffusion bonding process shall be 
in the fully killed condition, free from surface contamination, and 
conform to the applicable Steel Material Specification requirements. 

Carbon steel details for the roll diffusion bonding process may 
contain fusion weldmrnts made according to the requirements of t h i s  
specification. 

PACK CLEANING AND LAY-UP 

Refit a 

Prior to final cleaning for pack layup, all titanium and tooling 
details shall be measured and prefitted together to determine that 
the dimensional coordination of the pack ie obtained ab required by 

-_ the govsrning drawing( 8 )  , - ._ 
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4.1.2 

4.1.3 

4.1.4 

4.2 

4.2.1 

4.2.2 

4.2.3 

4.2.4. 

4.2.5 

4.2.5.1 

Prior to p re f i t  a l l  details  shall be solvent wiped to remove surface 
conteninants. The use ofchlorinated solvents t o  clean titanium 
or steel i s  pmhibited. 

No materials shall be included i n  the pack other than those conforming 
to  the material specifications referred to  in  the governing drawing(s). 

Hand f i t t i n g  of pack details, such as cold straightening, sanding, 
and filing, are permiseible i n  order to achieve the required dimensional 
fitup. 

Cleaning 

A f t e r  p r e f i t  and prior t o  layup of the pack for  bonding a l l  titanium 
de ta i l s  and a l l  tooling details, such as steel f i l l e r  bars, cover plates, 
and yokes, shall be cleaned as specified below. 
conduc$ed i n  such a manner that a l l  de ta i l s  are  free of any visible 
contaminants, such as oxides, d i r t ,  o i l ,  and grease. 

Cleaning shall be 

A f t e r  cleaning all detai ls  shall be handled only with clean white 
gloves. 

A l l  s t ee l  de ta i l s  shall be packaged as specified as quickly as possible 
after cleaning i n  order t o  prevent rusting. 

Titanium Details 

a. 

b. 

Acid descale per Table I1 of specification LAOllO-008, followed 
by dionized water rinse and oven dry. 
C o o l  and wrap i n  neutral kraf% paper. 

Steel  Details 

Cold Finished Steel: 

a. 

b. 
c. 
d. 

e. 
f .  Oven dry- 
g. Cool, package in  eealedpolyotbyhne. bags filled With nitrogen. 

Clean by the following pmcedure: 

Alkaline clean i n  Delchem 2368 a t  a concentration of 6-8 oz/gal. 
f o r  5-15 minutes - Temperature l80-200F. 
Spray rinse until free rinsing, 
Immersion rinse for  2-3 minutes. 
Acid pickle i n  Oakite 33 a t  a concentration of 25 percent by 
volume for  2-3 minutes a t  room t e m p e r a t u r e .  
H o t  r inse a t  a temperature of 12O-l6OF for 2-3 minutes. 

. 
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4.2.5.2 

4.3 

4.4 

4.4.1 

4.4.2 

4.4.3 

4.4.4 

5. 

5.1 

5.1.1 

Steel With Machined o r  Ground Surfaces: 
pmcedure: 

Clean by the f O ~ U h g  

a. 
b. 

c. 
d. 
e. 
f. 

Solvent wipe with MM or acetone. 
Alkaline clean i n  Delchem 2368 a t  a concentration of 6-8 o z / g a L  
for  5-15 minutes temperature 180-200F. 
Spray rinse u n t i l  free rinsing. 
Immersion rinse for 2-3 minutes. 
Blow dry and then oven dry 
Cool, package, ami seal  i n  polyethylene bags. 

Handling and Storage 

A f t e r  cleaning, a l l  de ta i l  par t s  and inner pack tooling shall be 
handled w i t h  clean white gloves. 
l i n t  on the dets i ls .  
by dust-free neu t r a lk ra f t  ?ape?? wrappers. 
shall be protected by polyethylene bags. 
dust, rust o r  finger p r i a t s  are t o  be re-cleaned. 
shall be assembled i n  dust-free rooms within 48 hrs after cleaning. 
Tooling de ta i l s  ( f i l l e r  bars etc) shall be l a id  up i n  dust-free 
m o m s  end purged within 48 hours a f t e r  cleaning. 

White gloves used must not leave any 
Cleaned titanium de ta i l s  shall be protected 

Cleaned s t ee l  de t a i l s  
Details with any visible  

Panel de ta i l s  

2x32 
Pack lay-up shall be performed i n  a dust-free clean mom complying 
with Class E requirements.of NAA Specification AAOll5-OO2. 
personnel engaged in the lay-up operation shall be required to  wear 
clean white gloves when handling clean parte. 

All 

Only descaled and clean metallic tooling shall be used inside the 
pack containing the part. The use of graphite, re f ras i l ,  ceramics and 
other non-metallic materials which give off contaminants is prohibited. 

During the layup operation, a l l  d e t a i l  par ts  and tooling shall be 
a s a d l e d  to  obtain the dimensional coordination specified by the 
governing pack assembly drawing(6). 

Immediately following layup, the top cover sheet shall be positioned 
for fusion-welding. Welding operations may be conducted outside _. 
the clean m o m  area. 

I 
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5.1.2 
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5.2.1 

5.2.2 
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6.1 

6.i.i 

6.1.2 

6.2 

6.2.1 

6.2.1.1 

6.2.1.2 

6.2.1.3 

6.2.1.4 

6.2.2 

The welding of Ti tanium BAl-1Mo-lV alloy ro l l  bonding pack de ta i l s  
shall be performed in accordance with the requirements of sections 
2, 3, and 4 of specification LAOlu-028 and the requirements of 
specification LQO42-003. 

Steel  Details 

The welding of pack s tee l  'cover plates and yokes shall be performed 
in accordance with the requirements of specifications LA0107-004 
and ~0402-003. 

The weldiag of the cover plates to the yokes shall be conducted w i t h  
the pack internal cavity shielded by commercially pure helium and/or 
welding grade argon (MIL-A-l8455). The iner t  gas protection shall be 
continued un t i l  the parts have cooled to 600F maximum.' 

A l l  welds shall be free of visible  cracks, pomsity, and slag. 

ATMISPBERE R E Q W  

Leak Check of Pack Weldments -- 
The pack shall be helium leak checked using the pmcedures outlined 
i n  Specification ~115-016. 

When leakage is determined t o  be i n  excess of the requirements of 
para. 7 . l . l t h e  leaks shall be located and repaired. 

General Requirements 

Purge l ines  shall be fabricated from type 321 s ta inless  s t e e l  o r  
as called out on the governing drawing(s). The purge l i ne  inside 
diameter shall be a minimum of .30O inches (.375 O.D. x .035 w a l l )  
and shall be kept as large a s  possible. 
be kept to a minimum and a minimum number of f i t t i n g s  and valves shall 
be used. . 

Length of purge l ines  shall 

Vacuum valves used for purging shall be high quality full f l o w  
valves. The use of needle valves i s  not permissible. 

Any high quality vacuum diffusion pump may be used for  purging. 

The purge gas shall be pure argon (MIEA-18455) . 
of the arwn shall not exceed 8 parts per million'as measured w i t h  
a.n e lec tmly t i c  hygrometer. 

Wisture  content 

Purging After Pack Layup 
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6.2.2.1. 

6.2.2.2. 

6.2.2.3 

6.2.2.4 

6.2.2.5 

6.2.2.6 

6.2.2.7 

6.3 

6.3.1 

6.3.2 

6.4 

6.4.1 

6.4.2 

A single purge cycle shall consist of evacuating the pack to 760 nun 
Hg and back f i l l i n g  wi th  argon u n t i l  a s l ight  positive pressure 
exis ts  w i t h i n  the pack. 

Prior to hot purging a l l  packs are required to be p r r m  a t  room 
temperature a minimum of 5 cycles as  specified in  pafagraph 6.a.2.1. 

A l l  packs ahnllbe hot purged prior t o  shipping to  the rolling m i l l .  

Hot purging shall consist of continuously repeating the purge cycles 
as specified in paragraph 6.2.2.1 while the pack is heated to a 
temperature of l.6003' 3 25F. 
repeated while the pack is held for one hour a t  temperature. 

The p r g e  cycles shall be continwusly 

During cool down from hot purging a continuous vacuum shall be drawn 
on the pack. 

After cool down to room temyerature following hot purging, the part 
shall be back f i l l e d  with argon to a positive pressure of not more  
than 25.4 xxn Hg and the vacuum valve closed and capped pr ior  to 
Shipping. 

Adequate provision shall be made to protect the purge tube and vacuum 
valve during shipment to the m l l i n g  m i l l .  

Leak - Checking and Purging a t  the Rolling - M i l l  

When received a t  the roll ing mill,the pcks shall be leak checked 
a s  follows: 
and evacuated to 760 mm Rg. After reaching t h i s  vacuum, the pump 
shall be shut off and the part  must show no loss of vacuum in  
of 762 microns per hour a t  room terrqerature during 1 hour. 

The pack ehall be connected to  a suitable vacuum punp 

excess 

If leakage is  found to be i n  excess of thst specified, the leak must 
be located and repaired. 
a s  specified by an authorized North American Representative and re- 
checked fo r  leaks. 

In  such case, the pack shall be repurged 

Seal Off 

When the procedures outlined i n  para. 6.3 are  completed, a vacuum 
of 760 mm W. shall be drawn on the pack and the purge tube sealed. - -  
Sealing shau be accomplished by heating and forging the purge tube 
closed four to five inches from the pack. 
so that the pinched off section of the purge tube i e  hermetically 

Forging shall be accomplished 

The CXCCSB of the purge tube shall be removed prior  to rolling. 
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The packs shall be heated to  t h e  rol l ing tenperature specified on 
the governing PSAA drawing( 8 )  and soaked 60 mins. per inch of pack 
thickness. 
located a s  swcffied by Wverning NAA documents. 
of the thennal cycle shall be obtained on continuous recorders. 

Heating shall be measured by chmmel-dune1 themcuplee 
Permanent records 

Upon removal. f r o m  the flumace, the pack shall be imnediately tra.nSfelred 
to the rolline; mill. A maximum of 1-1/2 minutes f r o m  the Aunace to 
the f i r s t  pass i n  the rolling m i l l  is desired. Temperature at  the - 
beginning of the first pass shall meet the requirements of the 
governing NAA documents as determined by optical  pyrometer readings. 

Pack rolling schedules w Z l l  be provided by authorized NAA Representatives 
o r  governing NAA documents. 
coordinate each pack rolling operation. 

A l l  of the required rolling information will be noted, recorded, 
and reported to mAA in  the cer t i f ied test report. 

Authorized NAA Representatives shall 

ROLLIXG TEMPERATURE RBJulRZMXWS 

Any type of furnace maybe used pnwided t h a t  the part is  completely 
and uniformly heated to  the specified temperatures. 

A temperature tolerance of k25F is required a t  roll ing temperature 
but a deviation from t h i s  shall not by i t s e l f  be a cause for  rejection. 

Chmmel-alumel thermocuples calibrated t o  an accuracy of *v shall 
be used in conjunction with a suitable recoxtier to furaisn 8 permSnent 
record of the thermal cycle. 

Optical pyrometer temperature readings shall be used during the 
mlling operation. 

A l l  pertinent temperature data including requirement deviations shall 
be reconled i n  the certif ied t e s t  reports. 
recording etc. shall be identified and stored for  future reference. 

Original charts, 

I HOT RIR?+ENG I 
9.1 Hot forming of and sizing of Titanium 6A1-4V alloy, A and STA, and 

Titanium 8Al-lHo-lV alloy, M.l l  Annealed, pack de ta i l s  shall be per- 
formed i n  accordance with Specification LAOlO2-OO3. 

Hot forming and sizing of Titanium 8Al-3Eb-lV alloy, Duplex Annealed, 
pack details sha l l  be performed i n  accolldance w i t h  Sections 2, 3, 
and 4 of Specification L A O l l l - 0 2 8 .  
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32. 

BEAT ! l !REAm 

H e a t  treatment of Titanium 6Al-4V alloy pack de ta i l s  shall be performed 
in  acconiance w i t h  Specification MU-026. 

H e a t  treatment of Titanium 8A1-1MO-lV alloy, 'pack 
de ta i l s  shall be performed i n  accordance with sections 2, 3, and 4 
of specification Mom-020. 

PACK DISASSEi4BLY 

All s t e e l  pack de ta i l s  such as pack covers, yokes, f i l l e r  bars and 
shims shall be remved fmm the r o l l  diffusion bonded assenibly without 
damage to the t i tanium structure. 

Pack covers and yokes may be remed by flame cutting, sawing, radiac 
cutting o r  machining. Removal by these means shall be conducted such 
that the cutting l i n e  essentially coincides with the outline of the 
enclosed titanium part. 
the location of the cuts. 

Accurate layouts shall be &e to insure 

A f t e r  remval of side and end yoke members, the cover plates may 
be remved by mechanical means. 
such removal are as follows: 

Penniasible mechanical methods f o r  

1. Thermalshock 
2. Mechanicalwedging 
3. Peeling 
4. Vibration 

All methods of steel d e t a i l  rernoval shall be conducted i n  accordance 
with governing mAA documents. 

Internally located tooling which cannot be mechanically remved m y  
be removed by chemical leaching. Chemical leaching, i f  required, 
may only be corducted under rigidly COntrOlled conditions a8 described 
i n  section 12 of this document. 

Reuse of s t e e l  tooling which has been through the m l l  diff'usion 
bonding process is not permissible. 

Chemical h c h i n g  may be specified as a method fo r  removing filler 
bars and other internal s t e e l  tooling required during the bonding 
pnxess. 
accordance with the following pmcedure: 

When rpecified t h i s  operation shall be perfomed I n  
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The part shall be solventdegreased, if  necessary, to remove exceseive 
surface contaminants which m i g h t  a f fec t  the leaching solution. 

The par ts  s h a l l b e  immersed in  the leaching tank with the leaching 
eolution at  UXlF f 109. Ineulstlon such ae teflon eupports shall 
be pmvided to insulate the part fmm the tank to prevent galvanic 
action. 

Heat shall be applied a8 required to bring the leaching solution 
to 190F f 10F and the bath shall be maintained a t  t h i s  temperature 
throughout the pmcess. The leach tank shall be pmv3ded with a 
means for  suitably agitating the solution throughout the leaching 
operation (e . g. a i r  agitation) . 
When the s t ee l  is completely removed as determined by visual inspection 
the part shall be removed and thomuGhly rinsed i n  water and dried. 

Following leaching the parts shall be chenically milled per 
specification LA0103-003.to remve any iron-titanium compounds f r o m  
the  surfaces. 

The leaching solution as made up shall consist of w5$ n i t r i c  acid 
-6C$ water (by weight ) .  
be periodically checked and maintained a t  40$&546 (by weight) nitric 
acid. If the leaching solution begins to precipitate iron oxide o r  
nitrate compounds, the solution shall be discarded and a new solution 
P = P s M *  

As leaching proceeds, the solution shall 

If the leaching action stops prior to the r e m 1  of the steel, 
the following pmcedure shall be observed: 

a. 
-b. 

Determine acid concentration and adjust  i f  necessary. 
If the above procedure does not restore suitable activity,  
remove the part fmm the solution, thoroughly rinse with water 
and immerse i n  a solution of 5@2$ hydmchloric acid (with O.5$ 
chromic acid inhibitor) a t  7!2310F f o r  15 minutes. Remove 
and thoroughly rinse the part with water and return to the 
leaching solution. 
If suitable act ivi ty  is  not restored by the above procedures, 
prepare a fresh leaching solution and. pmceed a8 indicated in  
section 12.1 tmugh 12.5.  

u. 
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13. Q U A L n t  ASSURANCE 

13.1 

13.2 

The m l l  diffusion bonding process and all applicable conJugate processeE 
shall meet the requirements of Specification I L l  
"Quality Contml Requirements for Roll Diffusion Bonded Titanium 
Structure" 0 

Quality Control shall establish the means by which a permanent record 
of the pmcessing of each roll bonded pack is maintained. This 
record shall include such items as roll  bonding temperature, 
mlling reductions, and all deviations f r o m  the requirements of 
governing documents. 

13.3 Quality Control shall esbblish additional p l i t y  aSsuranCCe 
measures as necessary to ensure proper processing and high Quality 
part6 in acconience with this specification. 


